We combine the collisional picture for open system dynamics and the control of the rate of decoherence provided by the quantum (anti-)Zeno effect to illustrate the temporal unfolding of the redundant encoding of information into a multipartite environment that is at the basis of Quantum Darwinism, and to control it. The rate at which such encoding occurs can be enhanced or suppressed by tuning the dynamical conditions of system-environment interaction in a suitable and remarkably simple manner. This would help the design of a new generation of quantum experiments addressing the elusive phenomenology of Quantum Darwinism and thus its characterization.
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Quantum Darwinism (QD) is an interesting theoretical framework that strives at explaining the emergence of objective reality out of quantum superpositions, a most fundamental questions in modern quantum theory, in terms of the proliferation or redundant records of the quantum state of a quantum system in the environment [1] .
The basic idea is that, due to their joint interaction, an environment gets entangled with the system, thus acquiring information about its state [2, 3] . The set of states which get entangled with the environment, the so called pointer states, are the eigenstates of the observable of the system that enters the coupling with the environment [4, 5] . Pointer states are left undisturbed by the mutual interaction with the environment, but their coherent superposition gets entangled with it. Any external observer who can access the environment can thus acquire information about the system [6, 7] .
A second important assumption of the Quantum Darwinism model is that the environment is not a single block but rather a collection of independent units, each of which endowed with accessible information about the system state, which has been redundantly encoded in the environment through the entangling process mentioned above [8] [9] [10] . Different observers having access to separate environmental fragments will have access to the same shared information about the system, which will thus become an element of objective reality, and thus an inherently classical quantity [7, 11] . More formally, the assumption is that an initial coherent superposition of pointer states of the system |Ψ S = k ψ k |π k S evolves into a joint system-environment state with a branching structure
where n is the number of elements of the environment. Eq. (1) shows that the information about the system pointer state |π k S is imprinted into multiple copies of environmental states |η k , thus becoming accessible to individual, distinct observers, that access separate fragments of the environment. The emergence of Quantum Darwinism has been extensively studied in recent literature, both theoretically and experimentally [12] [13] [14] [15] [16] [17] , and its links with other phenomena characterising quantum and open quantum system, such as nonMarkovianity [18] [19] [20] [21] [22] , non-contextuality inequalities [23] , and spectrum broadcasting structures [6] have been addressed and studied. Remarkably, while Quantum Darwinism implies spectrum broadcasting, the reverse is not the case, which manifests the only partial understanding that we currently have of the interplay between Quantum Darwinism, quantum correlations, and broadcasting structures [7, 8, 11, 18, [24] [25] [26] [27] .
Notwithstanding such attention, the phenomenology of Quantum Darwinism an its role in the occurrence of the quantum-to-classical transition are yet to be understood fully [28] , particularly in relation to the mechanism of its temporal unfolding. In this work we address this issue by adopting a collision-model approach to open quantum system dynamics [29] [30] [31] [32] in which the interaction with the environment, consisting of an infinite number of identical elements dubbed ancillas, takes place through a sequence of rapid interactions (collisions) between system and ancillas. This is very close to real physical situations, like, e.g. the learning about the state of a system by observing the photons that are scattered by it [33] and has been recently successfully used to dig into the Darwinistic phenomenology. We show that not only this approach provides a transparent picture of the process of successive redundant encoding of information that ultimately results in the emergence of objective reality but also it allows for the design of simple control strategies for the harnessing of Quantum Darwinism itself. We make use of the dynamical version of the quantum Zeno effect [34] , which does not rely on fast measurements but on cleverly arranged dynamical conditions [35] . Through this, we show that the rate at which information is spread across an environment -consisting of many units that interact with a system by collisions -can be reduced or enhanced, an thus ultimately controlled. In turn, we believe that such (remarkably simple) control strategies can be fruitfully exploited for further experimental investigations along the lines of Refs. [12] [13] [14] [15] [16] [17] , and thus used to critically address the role of Quantum Darwinism in the transition of quantumm systems to classicality.
The remainder of this manuscript is structured as follows. In Sec. I we introduce our collision model of pure decoherence and derive the unfolding of Quantum Darwinism. Sec. II is dedicated to the description of our approach to the control
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of such unfolding: we show that the judicious arrangement of a Quantum Zeno mechanism is effective in inhibiting the spreading of redundant information from the system to fractions of the environment (cf. Subsec. II A), while an antiZeno-like effect accelerate such effect towards a faster onset of Quantum Darwinism [cf. Subsec. II B]. Finally, in Sec. III we draw the conclusions that can be gathered from our work and briefly address the avenues that they open.
I. UNFOLDING OF DARWINISM IN A MEMORYLESS COLLISION MODEL OF DECOHERENCE
In order to illustrate how Quantum Darwinism unfolds in time we address decoherence resulting from a simple memoryless collision model. While providing an intuitive mechanism for Quantum Darwinism, the collisional picture is rich enough to allow for the grasping of the subtleties associated to the emergence of objective reality.
As in a standard collisional model of open system dynamics, the environment consists of a large ensemble of subenvironments, dubbed ancillas. The irreversible reduced dynamics of the system is described in terms of a sequence of brief interactions (collisions) between the system and the ancillas. In the memoryless scenario the number of ancillas in the environment is infinite and the system never collides twice with same ancilla [36, 37] . If we assume n 1 and the ancillas all prepared in the same stateη, after collisions the joint system-environment state will beρ SR =Û { } (ρ 0 ⊗η ⊗n )Û † { } whereÛ { } =Û Û −1 · · ·Û 1 andÛ k describes the collision between the k th ancilla and the system. To be specific, let us now consider a two-level system S and an environment R, in turn composed by a large collection of two-level systems R n . The S-R collisions are generated by the following interaction Hamiltonian [cf. Fig. 1 (a) ]
= |a b| R j + |b a| R j are the z-and x-Pauli matrices for S and R j , respectively. In order to fix the ideas and with no loss of generality we ignore at this stage any free system or ancilla dynamics. The collisions are thus described by a rotation operator on the ancilla conditioned on the state of the system
where τ stands for the collision time, i.e. the duration of each collision. Such dynamics will induce entanglement between the system and an increasing numbers of ancillas as the collisions take place. Starting from Ψ 0 = (α |↓ + β |↑ ) n j=1 |a we can write the S-R joint state after collisions as
where |ϕ ± = cos(ωτ) |a ± i sin(ωτ) |b . The corresponding reduced density matrix ρ S is with κ = | ϕ − |ϕ + | = | cos(2ωτ)|. The above expressions show clearly that the states |↓ S and |↑ S are pointer states and the ancillas, collision after collision, gradually acquire information about the system. Tipically many collisions, i.e. many subenvironments, are necessary to distinguish pointer states. The number of times that this information can be independently extracted is taken as measure of objectivity. The mutual information between the system and a subset m of ancillas after collisions
is the information about S available from F m . We call F δ the smallest fraction of the environment such that, for any arbitrarily picked information gap δ, we achieve
We can thus define the redundancy as
which provides a quantitative estimate of the number of distinct subenvironments that supply classical information about S, up to the deficit δ.
The off diagonal matrix elements of ρ S decay as κ = e −Γ
where we have defined the decay constant Γ = − ln κ. After˜ = Γ −1 collisions, ρ˜ S will be fully decohered. Further collisions will thus take place with the system that is in a state with no quantum coherence. This implies that the size of environmental fragments which have nearly complete knowledge about the state of the system is O(˜ −1 ) and, after n collisions, we expect a redundancy R ∼ −n log κ. We will show shortly the correctness of this estimate.
Before proceeding to the analytic evaluation of the quantum mutual information, let us point out that, in the limit of very short collision time that justifies a limit to continuous time, the above dynamics can be effectively described by the dephasing master equation
with γ = ω 2 τ the decoherence rate. To evaluate the mutual information between the system and growing environmental fragments, we make extensive use of the fact that the overall system-environment state remains pure after an arbitrary number of collisions. The von Neumann entropy of S is easily calculated at each step as S (ρ S ) = − j=± λ j log 2 λ j with λ ± = (1 ± 1 − 4(1 − |κ| 2 )|α| 2 |β| 2 )/2. We now need the quantum von Neumann entropies of ρ F m and ρ SF m . Let us note that, after > m collisions, the reduced density matrix of the fragment F m is given by
This means that after the first m collisions the reduced density matrix of F m does not change further and, recalling that within the first m collisions the joint S-F m state is pure, we have that
With similar considerations, the entropy of ρ SF m turns out to be S (ρ 
In Fig. 2 the redundancy R is shown as a function of ω and its value is compared with Γ(τ) = −n ln κ(τ). The agreement between the two quantities is excellent, confirming our estimate of the redundancy in term of the decay rate Γ. Note that R is a monotonically growing function of ω as long as 2ωτ ≤ π/2.
II. DYNAMICAL CONTROL OF THE TEMPORAL UNFOLDING OF QUANTUM DARWINISM
The study illustrated in the previous Section shows that a collisional model is able to faithfully capture the features linked to the mechanism of temporal unfolding of Quantum Darwinism, and thus account for the building up of redundant information encoding in the state of a multi-element environment.
We shall now take advantage of such understanding and to show that, by the means of carefully designed (anti-)Zeno-like mechanisms, it is possible to control the spreading of informational redundancy, thus harnessing the unfolding discussed above. Remarkably, the control extends from dynamical inhibition all the way to the enhancement of the redundancy spreading, which we achieve by engineering the effective dephasing rate of the system. This demonstrates the significant control that can be operated on the fundamental features of Quantum Darwinism, and paves the way to its use for the harnessing of the quantum-to-classical transition.
A. Inhibiting the spreading of redundancy via the the Quantum Zeno Effect
We start by addressing the controlled inhibition of Quantum Darwinism. From the discussion in Sec. I it is clear that the workhorse for the achievement of this goal is the control of the information that each ancilla acquires about the system. In turn, this implies the engineering of rate Γ. A way of doing this is by engineering a Zeno-like dynamics for the ancillas, which effectively freezes their dynamics during the collisional process.
The quantum Zeno effect, first pointed out by Misra and Sudarshan in their seminal work [34] , simply states that the continuous observation of a system freezes its evolution. The original argument goes along the following lines: let |ψ be the initial state of a system evolving according to the Hamiltonian V . After a time t, the survival probability of the system in its initial state is | ψ| exp{−iVt}|ψ
Let us assume during time t the system is measured p times: in this case the survival probability be-
While we do not aim at discussing the considerable body of literature on the Zeno effect produced in the last three decades and spurred by Ref. [34] , here we focus on an early model of constant monitoring put forward by Asher Peres [35] to freeze the ancilla dynamics.
Let us assume that the ancilllas are no longer two-level systems and instead enlarge the Hilbert space of each R n by introducing a third state |c coupled only to |a as shown in Fig.1  (b) . This allows us to introduce a dynamics of the subenvironment that is independent of the collisional mechanism (we dub it free), and which we use as our control tool. We thus model each dynamical step through the Hamiltonian
withĥ n =(Ω/τ)(|a c| R n +|c a| R n ) the free Hamiltonian for the |a ↔ |c transitions and Ω a dimensionless Rabi rate (we remind that the evolution time τ due to collisions is set in our framework, and thus a constant). Eq. (13) is thus the interaction Hamiltonian between system and subenvironments written in a reference frame set by the free Hamiltonianĥ n . In what follows we will require Ω/(ωτ) 1 so as to freeze the dynamics of the subenvironments.
In the basis ofσ z S the corresponding step evolution operator can be written asÛ
where O is the null matrix and, in the basis {|c , |b , |a } R n , we have
For Ω ∈ [0, π/2], M has eigenvalues λ ± = ±1 and λ 0 = 0. The associated eigenvectors are
The reduced density matrix of the system is given again by Eq. (5). However, the decoherence factor is modified dynamically as
which corresponds to a new dephasing rate [cf. Eq. (9)] reading γ=ω 2 τ cos 2 Ω. The behavior of the redundancy R associated with such a modified dynamics is shown in Fig. 3 , which demonstrates that large values of Ω -at set values of ωτ -correspond to a depleted information spreading effect: The fact free Rabi flopping in the {|a , |c } R n subspace induced by a large value of Ω freeze the evolution of the subenvironments by projecting their state onto |a R n at a rate that exceeds the effects of any collision. Fig. 3 : starting from Ω ∼ 1.5 and increasing the detuning, the redundancy increase (red curve).
B. Enhancing the spreading of redundancy via the Quantum Anti-Zeno Effect
We now reverse our goal and look for a strategy that allows for the enhancement of the information spreading effect that unfolds Quantum Darwinism. Taking advantage of the analysis presented in Sec. II A, we aim at modelling an effective anti-Zeno mechanism that accelerates the rate of collisional spin-flip induced by the S-R n interaction. The solution is remarkably simple.
We model each step again as in Eq. (13) . However, we now consider the possibility to have an energy detuning 2 between |a and |c , which changes the free Hamiltonianĥ n as h n = − 2( /τ) |c c| R n + (Ω/τ) |a c| R n + |c a| R n (18) and, in turn, matrix M as 
This expression goes back to Eq. (17) for → 0 but leads to a redundancy that can be larger than the one associated with no detuning, as shown in Fig. 4 , thus demonstrating the possibility to enhance the information spreading.
III. CONCLUSIONS
By making use of a collisional approach to open system dynamics, we have shed light onto the temporal unfolding of the redundant encoding of information that is at the basis of the emergence of Quantum Darwinism. Remarkably, this has opened the way to the design of quantum Zeno-based techniques for the control of the information spreading rate, which can be enhanced or depleted by engineering systemenvironment couplings and suitably arranging the spectrum of the subenvironments. We believe this work draws a pathway to the design of experimental settings able to mimic and thus validate the features and controlled dynamics discussed here. In turn, this will contribute further to the clarification of the role that Quantum Darwinism plays in the understanding of the quantum to classical transition [17] .
